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Integrated photonic circuits are one of the most promising platforms for large-scale photonic quantum 
information systems due to their small physical size and stable interferometers with near-perfect 
lateral-mode overlaps. Since many quantum information protocols are based on qubits defined by the 
polarization of photons, we must develop integrated building blocks to generate, manipulate, and measure 
the polarization-encoded quantum state on a chip. The generation unit is particularly important. Here we 
show the first integrated polarization-entangled photon pair source on a chip. We have implemented the 
source as a simple and stable silicon-on-insulator photonic circuit that generates an entangled state with 
91 ± 2% fidelity. The source is equipped with versatile interfaces for silica- on- silicon or other types of 
waveguide platforms that accommodate the polarization manipulation and projection devices as well as 
pump light sources. Therefore, we are ready for the full-scale implementation of photonic quantum 
information systems on a chip. 

Photonic quantum states encoded in polarizations, paths, and times of arrival are excellent qubit candidates. 
Qubits are the quintessential resource for photonic quantum information processing (QIP), which provides 
a fundamentally new approach to communication 1 , metrology 2 , simulation 3 " 5 , and computation 6 " 8 . Of these 
quantum states the polarization- encoded state is a true two-level photonic system, which is easy to manipulate 
with bulk optics such as waveplates. It is at the heart of many photonic QIP protocols 1 ' 4 " 9 . 

Integrated quantum photonics, which exploits miniature physical size and stable interferometers with 
near-perfect lateral-mode overlaps of integrated lightwave circuits, constitutes the future for realizing a 
scalable photonic QIP system on a chip 1011 . Recent experiments on integrated quantum photonics have 
utilized path-encoded quantum states of photons 3,10 " 13 . However, polarization encoding allows us to imple- 
ment the systems without the need for path duplication, and thus provides the simplest and most compact 
circuitry. It will also allow us to implement a wealth of the QIP protocols. To accomplish such polarization- 
encoded QIP systems, it is essential to develop integrated subsystems to generate, manipulate, and measure 
polarization- encoded quantum states on a single chip. Although the integration of optical circuits makes the 
handling of polarization states slightly more challenging, Bonneau et al. 14 and Sansoni et al. 15,16 recently 
demonstrated the manipulation and projection of quantum states on a chip by using a lithium niobate (LN) 
waveguide modulator and low-birefringent silica waveguides, respectively. An integrated single-photon 
detector on a silicon chip has already been demonstrated 17 . Therefore the only remaining task is to imple- 
ment a polarization- entangled photon pair source 1819 . The source is an essential component of such polar- 
ization-encoded QIP systems as quantum gates 7 , on-demand single photon sources 20 , and scalable one-way 
quantum computation 8 . Furthermore, path-polarization hybrid integration is also useful as a simulation tool 
for physical quantum systems 4 . 

Many polarization-entanglement sources have already been realized by means of integrated nonlinear wave- 
guides, from which we can obtain quantum-correlated photon pairs via x (2) or # (3) spontaneous parametric 
processes 19 ' 21 " 25 . Such waveguides generally exhibit a polarization-mode walk-off, which causes the generated 
polarization entanglement to degrade. To compensate for the longitudinal walk- off, some of the sources required 
off-chip quantum erasers, namely an additional birefringence crystal, a polarization-dependent delay line, or a 
polarization-maintained fibre 21 " 23 . The others utilized one polarization mode of the nonlinear waveguides to 
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Figure 1 | A monolithically integrated polarization-entanglement 
source, (a) The source, fabricated on a silicon-on-insulator substrate, 
consists of a silicon-wire -based 90° polarization rotator sandwiched by two 
nonlinear silicon wire waveguides. The device generates the polarization 
entanglement as a superposition of the two events shown in (b). The figure 
is not to scale for clarity. 

avoid the walk-off, by using additional fibre-optic circuits for polar- 
ization steering 24 " 26 . Therefore, there have been no fully integrated 
polarization entanglement sources that generate photon pairs entang- 
led inside the chip; nevertheless the feature is necessary for a practical 
integrated QIP system. To achieve the future, Bragg-reflection-based 
AlGaAs waveguides were carefully designed for the monolithic polar- 
ization entanglement source with the walk off eliminated 27 ' 28 . On the 
other hand, current optical communication technologies require soph- 
isticated polarization diversity technologies 29 ' 30 , which potentially solve 
the problem of integrating the polarization entanglement source. 

In this work, we experimentally demonstrate the first polarization 
entanglement source that is fully integrated as a silicon photonic 
circuit. We compensate for the polarization-dependent walk-off sim- 
ply by designing the device to be symmetric as regards the polariza- 
tion degree with respect to the device midpoint, with the help of a 
polarization manipulation technology for telecommunication 
devices. The symmetric structure is also useful for the stable genera- 
tion of maximally entangled states, in the presence of waveguide loss. 
Our source is not based on a post-selection scheme 22 , so creates no 
spurious photons that limit the application of the source 21 . 
Furthermore, the device is equipped with a spot- size converter 
(SSC), which is an interface with silica or other types of quantum 
waveguide circuits for a fully integrated QIP system on a chip. 



Results 

Device design and building blocks. Our source (Fig. la), which is 
based on a simple and single-path configuration, consists of two 
silicon-wire-waveguide photon pair sources 31 ' 32 connected by an 
ultra-small silicon-wire polarization rotator 33 . Both silicon wire 
waveguides are 400 nm wide, 200 nm high and 1.5 mm long. The 
silicon polarization rotator has an off-axis double core structure. The 
inner core is a silicon photonic wire with a 200-nm-square cross 
section, which is embedded in a SiO x N y outer core with an 840- 
nm- square cross section. The silicon wire waveguides and the 
silicon polarization rotator are connected by 10-|im-long tapered 
silicon wires. The over- and under- cladding of the silicon wire 
waveguides and the silicon polarization rotator are made of Si0 2 
(not shown). The device is equipped with SSCs with tapered 
silicon cores at their ends 34 . In this work, the SSCs provide efficient 
coupling between the silicon wire waveguides and external optics. As 
we discuss later in detail, the SSC can be an interface between our 
source and silica-on-silicon or other types of waveguide platforms 35 
for the integrated polarization-encoded QIP system. 

In a silicon wire waveguide, a correlated pair of signal and idler 
photons are created via x {3) spontaneous four-wave mixing (FWM) 
following the annihilation of two pump photons 31 ' 32 . The spontan- 
eous FWM in the silicon wire waveguide is useful for the efficient 
creation of photon pairs, thanks to the high / (3) nonlinearity of silicon 
in the telecom band (more than 100 times higher than that of silica) 
and the lateral confinement of light in a region less than a wavelength 
in size. The Raman photons created in the single-crystalline silicon 
core can be spectrally separated from the signal and the idler photons 
to reduce potential noise 31,32 . Moreover, the pump and the photon 
pair have similar frequencies in the spontaneous FWM process, so 
the longitudinal walk off between involved photons becomes much 
smaller than those in the x {2) process 19 . Thanks to these features we 
can obtain highly pure photon pairs from a silicon wire waveguide 
with a length of few millimetres with a high efficiency. 

In the silicon wire waveguide, TE-polarized photon pairs are effi- 
ciently generated by a TE-polarized pump field. Figure 2a shows spec- 
tra of the idler-to-signal conversion efficiency (extracted from the data 
shown in Supplementary Fig. SI online) via the stimulated FWM for 
cases where the pump, signal, and idler fields are all TE-like (i.e., 
horizontally polarized) and TM-like (i.e., vertically polarized) (see 
Methods for details). The efficiency is proportional to the photon-pair 
production rate in spontaneous FWM 32 . The notably high FWM effi- 
ciency and its large bandwidth under the all-TE condition are origin- 
ating from strong field confinement in the core (Supplementary Fig. S2 
online) and the near- zero-dispersion property of the TE mode in the 
telecom band (Supplementary Fig. S3 online). Thus, we can regard our 
silicon wire waveguide as a photon pair source that operates only in the 
TE mode. In the present work, we utilize this polarization-dependent 
feature to build a polarization entanglement source. 

The silicon polarization rotator was originally developed as a 
polarization- diversity integrated optical component for photonic 
networks 30 . The off-axis double core structure of the silicon polar- 
ization rotator exhibits two orthogonal eigenmodes, which have dif- 
ferent effective refractive indices and eigen-axes tilted at 45° to the 
normal with respect to the silicon substrate (Fig. 2b). The birefrin- 
gence in the eigenmodes provides an integrated waveplate, causing 
the polarization plane to rotate by an amount that depends on the 
length of the rotator. The insertion loss of the silicon polarization 
rotator was estimated to be approximately 1 dB 33 . We investigated 
the polarization rotation angle at the rotator 0 SPR (see Methods). 
Figure 2c shows the light transmission properties of the reference 
3 -mm silicon wire waveguide and the polarization entanglement 
source that includes a 30-|im-long silicon polarization rotator as a 
function of an additional output polarizer angle. A 0 SPR value of 86.7 
±0.1° was obtained (from a fitting) with a fringe visibility V of 0.99 
± 0.01, while the reference silicon wire waveguide exhibited a small 



SCIENTIFIC REPORTS | 2 : 817 | DOI: 1 0.1 038/srep0081 7 



2 



>^ 
o 
c 

CD 

'o 
it 

CD 



> 

cn 

"O 

LO 

"E 

_Q 

< 



















TM 






» 








# 

• 


; — t 






• 
• 


• 
• 






— • — 

• 



0 10 20 30 
Pump-signal detuning (nm) 



40 



Model 



Mode2 




Si core 



Undercladding 


















iw = 1 -525 




90 180 270 
Polarizer angle (deg) 



360 



Figure 2 | Property of each building block of the polarization- 
entanglement source, (a) Polarization dependence of the FWM efficiency 
in a silicon wire waveguide investigated with a stimulated FWM 
experiment. The idler-to-signal conversion efficiency is plotted a function 
of pump -to -signal detuning. The values are normalized with respect to the 
TE-FWM efficiency at zero detuning, (b) The two eigenmodes in the 
silicon polarization rotator (simulated with a mode solver) with effective 
refractive indices w eff . (c) Measured transmittance of the silicon 
polarization rotator (red) and the reference silicon wire waveguide (black) 
with TE-polarized incident light as a function of output polarizer angle. 
The solid curves represent sinusoidal fittings. 

initial offset of - 0.4 ± 0.3° with V = 0.98 ± 0.01. Thus, a polar- 
ization rotation angle of almost 90° was obtained with the high 
polarization extinction ratio. 

Operating principle of the device for the stable single-chip gene- 
ration of polarization-entangled photons. We use a pump beam 



with + 45° (D) linear polarization, which is a 1 : 1 combination of the 
TE and TM modes in the silicon wire waveguides (Fig. 1). In the first 
silicon wire waveguide (SWW1), the TE component of the pump 
creates a photon pair in the |TE,TE) s i state, which the silicon 
polarization rotator rotates to the |TM,TM) s i state as a result of a 
90° polarization rotation. Here the subscripts denote the frequency 
modes of the signal and idler photons. At the same time, the silicon 
polarization rotator rotates the TM component of the pump field to 
provide it with TE polarization, and the second silicon wire 
waveguide (SWW2) creates other |TE,TE) si photons. Since we 
cannot distinguish whether the pair was generated in SWW1 or 
SWW2, we obtain the maximally polarization -entangled state: 



|<A) = (|TE,TE) S ; + e~ i( P |TM,TM) S ;)/ V2, 



(1) 



at the output of the polarization-entanglement source. It should 
be noted that our scheme is post-selection-free and thereby creates 
no spurious photons. Here the relative phase difference <j> de- 
pends on the length difference AL between SWW1 and SWW2. 
Strong birefringence in a silicon wire waveguide causes significant 
polarization-mode dispersion of photonic wave packets. In our 
silicon wire waveguide the estimated polarization-mode dispersion 
is 5 ps/mm, which is comparable to the typical width of a biphoton 
wave packet obtained from a silicon wire waveguide 31,32 . However, 
since the polarization- entanglement source is designed to be 
symmetric as regards the polarization states with respect to the 
midpoint of the device, the polarization-mode dispersion of the 
pump pulses and photon pairs are cancelled out if AL = 0. The AL 
fabrication error is less than 1 (im, which corresponds to a negligible 
walk off of less than 10 fs. Therefore, our polarization -entanglement 
source requires no additional component outside the chip to 
compensate for the temporal distinguishability of the biphoton 
wave packets caused by polarization-mode dispersion as in the 
earlier polarization- entanglement sources 21 " 23 . 

Integrated waveguides generally exhibit linear propagation loss, 
which reduces number of pairs created in SWW1, can cause the 
imbalance between the two terms in the entangled state. However, 
our configuration automatically equalizes the two amplitudes and 
thus provides a maximally entangled state. This is because the reduc- 
tion of the pairs created in SWW1 resulting from the waveguide loss 
in SWW2 is equivalent to the reduction of the pairs to be created in 
SWW2 owing to the loss of the TM component of the input pump 
pulses. We denote the light transmittance of each silicon wire wave- 
guide for the TM mode and the transmittance of the silicon polar- 
ization rotator as ^ TM and ^spr> respectively. The photon pairs 
created in SWW1 by TE-polarized pump pulses suffer from extra 
loss in the silicon polarization rotator and SWW2 compared with the 
pairs created in SWW2. Hence, the output photon pair rate decreases 
by (/^tmj^spr) 2. On the other hand, the intensity of the TM-polarized 
component of the pump pulses decreases by ^tm^spr in the SWW1 
and the silicon polarization rotator. Thus, the pair production rate 
decreases by (^tm^spr) 2 * which corresponds to the total transmit- 
tance of the other pair. Therefore, the two terms in the | state are 
automatically balanced. Note that this effect is not available with the 
X {2) -based parametric process where the pair production rate is pro- 
portional to the pump power 1819 . 

Observation of polarization-entangled photon pairs. We have 
created polarization-entangled photon pairs using optical pulses 
with a temporal width of 80 ps and a repetition rate of 100 MHz 
in the experimental set-up shown in Fig. 3 (see Methods for details). 
The detected coincidence rate N cc and the coincidence over 
accidental ratio (CAR) of the photon pairs generated with the set- 
up were 103.9 Hz and 54.7, respectively, for the reference silicon wire 
waveguide with a projection basis of |TE,TE) s i , and a pump peak 
power P peak of 69 mW. Given the device length of 3 mm and the 
overall photon detection efficiency of — 15 dB (per channel), the pair 
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Figure 3 | Experimental set-up for measuring the polarization 
entanglement. IM, intensity modulator; EDFA, erbium-doped fibre 
amplifier; P, polarizer; H, half-wave plate; Q, quarter-wave plate; SSC, 
spot-size converter; APD, InGaAs avalanche photodiode; TIA, time- 
interval analyser. Dashed line shows free-space optical path. Blue lines 
show electrical connection. Note that all the wave plates are free space bulk 
optics embedded in collimation benches. 

creation efficiency at the chip end was estimated to be 0.14 pairs/ 
pulse/GHz/W 2 /cm 2 , which is comparable to the efficiency of 0.2 
pairs/pulse/GHz/W 2 /cm 2 in conventional silicon wire waveguides 
fabricated without a SiO x N y deposition process 32 . At the same 
time, our polarization- entanglement source emitted photon pairs 
with N cc = 39.0 Hz and CAR = 57.9 with a |TE,TE) S5i basis and 
N cc = 40.2 Hz and CAR = 42.2 at |TM,TM) s4 , at P peak of 128 mW. 
The slightly degraded CAR of the TM pairs compared with that of 
TE pairs is because the TM pairs (generated in SWW1) suffered 
additional loss in the silicon polarization rotator and SWW2. 

We performed quantum state tomography on the generated 
photon pairs by carrying out a correlation measurement of 16 polar- 
ization combinations that were selected based on the angles of the 
four wave plates in the polarization projection units 36 . The recon- 
structed density matrix with the maximum-likelihood estimation for 
the reference silicon wire waveguide p re f and for the polarization- 
entanglement source p ent (with measurement times of 60 and 120 s) 
are shown in Fig. 4a and b, respectively, as their real and imaginary 
parts, and absolute values of each element. Note that these results 
included statistical accidental coincidence counts. p ref shows that the 
reference waveguide generated |TE,TE) s i pairs as expected. For the 
state we obtain a density matrix written as 

p = ^ |»A) W = - (|TE,TE) (TE,TE| + e^|TE,TE) (TM,TM| 

+ e'* |TM,TM) (TE,TE| + |TM,TM) (TM,TM|) 

if the generated state is purely The off-diagonal terms, which 
represent the state purity, vanish if the biphoton is in a mixed state. 
Therefore, the state amplitudes (absolute values) close to 0.5 at the 
off- diagonal corners of the obtained p e nt represent the high state 
purity. We obtained a high purity value of 0.93 ± 0.02. 

As regards the degree of entanglement, we estimate the fully 
entangled fraction F(p)= max{W\p\ W), where the maximum is 
taken over all maximally entangled states i.e., over 1^) = 

17,® l/i (|TE,TE) Sji + |TM,TM) M ) 

ary transformations on the signal and idler modes 37 ' 38 . Therefore, we 
can create any maximally entangled state (including Bell states) from 
a state p with F(p) = 1 by employing linear optics such as wave plates. 
In accordance with the procedure described in ref [38], we obtained 
F(Pref) as 0.51 ± 0.02, which is on the bound of the classical states of 



, where U s and U- x are unit- 





Figure 4 | The real and the imaginary parts of the reconstructed density 
matrices for the two-photon polarization states generated from (a) the 
reference silicon wire waveguide and (b) the polarization entanglement 
source. The absolute values of the elements are also displayed to show the 
amplitudes on off-diagonal elements. H and V represent the TE and TM 
bases, respectively. 

F(p) = 0.5. Thus, the single straight silicon wire waveguide created 
no entanglement. At the same time, for the polarization-entangle- 
ment source we obtained F(p ent ) = 0.91 ± 0.02. The F(p ent ) value is 
much greater than l/y/2 ~ 0.71, implying that the generated 
state can violate the Clauser-Horne-Shimony-Holt inequality 39 . In 
addition, the concurrence (an alternate measure of entanglement) 
was obtained as 0.88 ± 0.02. Hence, we successfully generated 
photon pairs with a high degree of polarization entanglement from 
the chip. 

Discussion 

The imperfection of F(p ent ) value is considered to be mainly due to 
the wavelength-dependent polarization rotation at the SSCs and at 
the silicon polarization rotator (see Supplementary for details). The 
unexpected polarization rotation at the SSCs might be due to a fab- 
rication error (e.g., a slight geometric horizontal offset between the 
axes of the inverse-taper silicon wire and the second core at the 
SSCs). Regarding the silicon polarization rotator, in principle, the 
retardation dispersion is A0 SPR /AX = 0.2°/nm 33 , which is as small as 
usual bulk zero-order half wave plates 40 . This small dispersion is 
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because the silicon polarization rotator is also a zero-order rotator. 
Therefore, by solving practical fabrication issues (such as the semi- 
circular shape of the SiO x N y second core 33 ) we could provide a better 
silicon polarization rotator with almost perfect polarization rotation. 

To summarize, we have demonstrated a monolithically integrated 
polarization entangled photon pair source. The device requires no 
additional off-chip components and thus is the first complete sub- 
system of an integrated polarization entanglement source. To achieve 
full-scale QIP system, a polarization entanglement source must be 
capable of integration with quantum circuits consisting of manip- 
ulation and projection devices for polarization- encoded states on the 
same chip. Furthermore, it is argued that the polarization entangle- 
ment source should also be equipped with an electrically driven 
pump laser integrated on the same chip for further system stability 41 . 
These criteria seem to be formidable at first glance; however, our 
source can be integrated with any of them. The silica SSC interface 
allows hybrid integration with silica-on-silicon waveguides 35 , which 
already accommodates a polarization controller 42 , a polarization 
beam splitter 16,43 , and even a pump laser diode 44 . Although a rect- 
angular-core silica waveguide generally exhibits a strain that makes 
the waveguide birefringent 16 , such birefringence can be eliminated 43 
or tuned with voltage- controlled heaters 45 ; the birefringence com- 
pensation technology is useful for, e.g., selecting output entangled 
states on a chip by tuning the phase difference <j> in the state 
Furthermore, the silica waveguides can be integrated with high-speed 
LN-based modulators 14 by means of silica-LN hybrid integration 
technology 46 . Of course our silicon-wire-based device can be directly 
connected with silicon-wire-based quantum circuits 13 . Integrated 
single-photon detectors on a silicon chip are also ready with a mark- 
edly high quantum efficiency 17 . Therefore, our monolithic polariza- 
tion-entangled photon pair source helps pave the way to the full-scale 
implementation of photonic QIP system using the polarization 
degree of freedom. 

Methods 

Device fabrication. Our device was fabricated on a silicon-on-insulator wafer with a 
200-nm-thick silicon layer and a 3 -|j,m-thick buried Si0 2 layer. The silicon wire 
waveguides were 400 nm wide. The 30-um-long and 200-nm-wide silicon wire for 
the rotator was adiabatically connected by 10-um-long silicon tapers. For efficient 
coupling between the device and the external fibres, we equipped both ends of the 
device with SSCs. The silicon wire waveguides and SSCs were fabricated by electron 
beam lithography and electron cyclotron resonance plasma etching. An 840-nm- 
thick silicon oxynitride film with a refractive index of 1.60 was deposited by plasma- 
enhanced chemical vapour deposition and the second core of the silicon polarization 
rotator was formed by reactive ion etching with fluoride gas. The measured 
propagation losses of our device were 2.2 and 1.7 dB/cm for the TE and TM modes, 
respectively. 

Details of stimulated F WM experiment. In the stimulated FWM experiment 
designed to show the discrepancy between the FWM efficiencies of the TE and TM 
polarizations, we used two independent wavelength-tuneable cw lasers as a pump and 
a signal source. The pump beam was modulated into a pulse train (500-ps full-width 
half maximum, 40-MHz repetition rate) with an LN intensity modulator. The pump 
and signal beams were combined by a 50/50 directional coupler, and then co- 
polarized in either the TE or TM mode by the half- wave plate in the free- space 
focusing module, which coupled the light into a straight silicon wire waveguide with a 
length L of 3 mm that was used as a reference. They were then corrected from the 
waveguide output with a lensed fibre, and the overall output spectrum was measured 
directly with an optical spectrum analyzer (OSA) with a spectral resolution of 
0.05 nm. The observed FWM spectrum is shown as a density plot in supplementary 
Fig. S 1 . Here the signal wavelength was scanned across the telecom band to change the 
pump-signal detuning, while the pump wavelength was fixed at 1551.1 nm. The 
pump and the signal powers coupled to the waveguide were 90 mW (peak) and 
3.0 mW, respectively. The data in Fig. 2a were extracted from the data in Fig. SI. Here 
the stimulated FWM efficiency, which is the ratio of the output idler power to the 
output signal power, is approximated as rj = (y P pea k^) 2 m the vicinity of zero pump- 
signal detuning 32 ; the nonlinear constant y = {2% n 2 )l(l v A eff ), where n 2 is the 
nonlinear refractive index of the material, A p is the pump wavelength. A e & is the 
polarization-dependent effective mode area, which mainly determines the 
discrepancy between the n values in the TE and TM modes. The calculated A eff ratio 
between the TE and TM modes is 0.2, corresponding to an rj ratio of 0.2 2 ( — 14 dB), 
which approximately explains the experimental value of — 17 dB. 



Evaluating the performance of the silicon polarization rotator. In Fig. 3, IM 
consists of an electro-absorption modulator and an LN intensity modulator, which 
modulated a continuous beam from the light source (/l p = 1551.1 nm) into a train of 
pump pulses. The pulses were amplified by an erbium-doped fibre amplifier, filtered 
to eliminate the amplified spontaneous emission noise, and then launched into the 
polarization-entanglement source. The input polarization state was set by using a 
free- space focusing module that contained a collimation lens followed by a polarizer, 
a half- wave plate, and a high-NA focusing lens. Here the coupling efficiency with the 
chip was — 2 dB. 

To evaluate the polarization rotation angle of the silicon polarization rotator, we set 
the input half- wave plate angle at 0° so that the input state was in the TE mode. We 
also used a similar free- space focusing module but with an embedded polarizer to 
collect and analyse the SOP of the output field. Figure 2b is the measured transmit - 
tance as a function of the output polarizer angle. 

Experimental details of the polarization entanglement generation. For the 

polarization-entanglement generation, we set the half-wave plate in the input 
focusing module at +22.5° so that the pump pulses were D polarized. Then the output 
field from the device including entangled photons was collected by a lensed fibre with 
an outcoupling efficiency of —2 dB. Then, the light was introduced into the WDM 
filter, which suppressed the residual pump field (with an isolation of more than 
130 dB) and separated the signal and idler photons into different fibre channels. Each 
output port has a centre wavelength of 1546.4 nm (s) and 1556.0 nm (i) with a 
channel bandwidth of 0.14 nm (18 GHz). Then, the photons passed through fibre 
birefringence compensators (a half wave plate sandwiched by two quarter wave 
plates) and subsequently polarization analysers, each of which consisted of a half and 
a quarter wave plate, and a polarizer. Finally, the photons were received by InGaAs 
single photon detectors (id210, id Quantique) that operated at a gate frequency of 
100 MHz synchronous with the pump's repetition rate. The quantum efficiency, gate 
width, the dark count rate, and the dead time of the detectors were 20%, 1 ns, 10" 5 / 
gate, and 5.0 us, respectively. The overall photon detection efficiency was — 15 dB per 
channel, which consisted of the collection efficiency of the created photons ( — 8 dB) 
and the quantum efficiency of each detector ( — 7 dB). The detection signals from the 
two detectors were input into the time interval analyser (TIA) for coincidence 
measurements. 

Each wave plate of the birefringence compensators was set so that the polarization 
basis at the device output corresponded to the basis of the polarization analyser. To 
accomplish this, we used an erbium-doped fibre amplifier emitting an amplified- 
spontaneous-emission source in the TE mode at the input. Then, we set the angles of 
the wave plates in the birefringence compensators so that the minimum and max- 
imum transmittance through the polarization analysers were obtained with appro- 
priate basis sets. 

The errors in the F(p) values obtained with quantum state tomography were 
estimated using the angular setting uncertainties of the wave plates in the polarization 
projection units and the Poissonian noise statistics of the obtained coincidence 
counts. We increased the P pea k value and the measurement time for the p ent mea- 
surement to obtain good statistics. The obtained total coincidence counts (the sum of 
the values on the diagonal bases) were 6.6 X 10 3 and 1 .0 X 10 4 for the reference silicon 
wire waveguide and the entanglement source, respectively. The corresponding pair 
production rate was estimated to be 1.1 X 10" 3 and 0.8 X 10" 3 per pulse. 
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